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BACKGROUND & SIGNIFICANCE

With increasing age the ability of compensatory mechanisms of rats to respond to

alterations in fluid and electrolyte balance maybe altered (14). These changes appear to be

dependent on gender and strain, as well as, the age of the animals (9-11, 14, 26, 27). As

rats age there is a slight reduction in the percentage of the total body mass that is water.

This reduction in total body water (TBW) maybe accompanied by no change or an increase

in plasma osmolality (12). The ability to sustain total body fluid and electrolyte balance

occurs in the presence of a relative (adjusted for body weight) reduction in water balance

(water intake minus urine production to) as urine production and water intake are altered in

older animals compared to younger rats. In aged rats, greater than 10 months old, there is

an increase in urine output (10, 14). The increase in urine production is associated with an

increase in the excretion rate of solutes (5, 6, 10, 14, 23). In response to alterations in fluid

balance, such as volume expansion, dehydration or hemorrhage, the ability of older rats to

accommodate is attenuated due to a reduced thirst and delayed renal compensation (2, 7,

11, 23).

With onset of exposure to increased gravity levels by centrifugation there is an

initial reduction in body mass (22, 25, 28). The decrease in body mass is sustained,

compared to control rats, throughout the period of exposure. The reduction in body mass

is, in part, due to an intial decrease in fluid intake and thus a negative water balance (3-5,

8, 16-18, 31). With chronic centrifugation, while body mass is decreased, the percentage

of the mass that is water is maintained or slightly increased in rats (18, 21, 22). When an

increase in percent total body water is reported it is associated with an increase in lean

body mass. Following a period of hypohydration at the onset of centrifugation to rectify

fluid balance there is a homeostatic adjustment, a transient increase in fluid intake and
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reductionin urineoutput such that the net result is the maintenance of relative total body

water (3-5, 16-18, 25, 31). The ability to make these changes, and maintain relative total

body water, should be compromised in older rats exposed to centrifugation. Older animals

have a larger body mass, and the response to centrifugation is mass dependent, and they

have an attenuated ability to compensate alterations in water balance (11, 14 22, 24). To

assess the effects of increased age on the response of fluid and electrolyte homeostasis to

centrifugation at 2.0 G for 14 days we study young (growing) and mature male Sprague-

Dawley rats.
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EXPERIMENTAL METHODOLOGIES

Before initiation of this study, approval was received from the Internal Animal

Care and Use Committees (IACUC) at the University of California, Davis and at the

National Aeronautics and Space Administration (NASA) Ames Research Center. The

study conforms to NASA-Ames Research Center Animal Users Guide and the National

Research Council guidelines for animal experimentation.

The study was conducted using 40 male Sprague-Dawley derived albino rats

(Simonsen Laboratories, Gilroy, CA) and were either 1.5 months/150 g or retired breeders

which were 8 months/450 g. Rats were received from the vendor at the University if

California, Davis, Chronic Acceleration Research Facility (CARU). Each rat was weighed

and housed (1 rat/cage) in standard vivarium cages for a three day acclimation period. The

acclimation period was followed by surgery, a surgical recovery period, a baseline data

collection period (days -7 to -1), and a test period of either centrifugation at 2.0 G or

stationary control housing (days 1-14). Throughout the study the rats were maintained

on al2:12-hour light dark cycle. The lights were turned on at 8:00 a.m. and offturned on

at 8:00 p.m. Room temperature was maintained at 23 + I°C. Animals were fed a

powdered diet (Purina Rat Chow no. 5012) and provided water ad libitum. Daily data

collection and animal health checks occurred at 10:00 a.m. and lasted 45 minutes.

At the end of the acclimation period rats were surgically implanted with a

telemeter (data not shown). Rats were allowed seven days to recover from the surgery.

During the recovery period rats were housed in standard vivarium cages (1 rat/cage).
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Bodymassandfoodandwaterconsumptionweremeasureddaily by weight (Ohaus,

FlorhamPark,NJ). At theendof therecoveryperiodratswererandomlyselectedand

placedintooneof four groups(n=8/group);2.0-Gmature,1.0-Gmature,2.0-Gyoung,or

1.0-Gyoung.

Duringthebaselineandtestperiods,ratswerehoused(1 rat/cage)inmetabolic

cages(58x 36x 33cm). Foodandwaterwereprovidedon thesideof thecageto prevent

contaminationin theurineandfeces,whichwerecollectedbeloweachcage. Waterbottle

lixits weremodifiedto preventdrippingduringthestartingandstoppingof thecentrifuge.

The 2.0-Gand 1.0-Gratswerehousedin separaterooms,with thesametemperature( 23

+ 1.0 °C) and lighting schedule (12L :12D). Body weights and food and water

consumption were measured daily. Daily urine samples were collected from each rat. In

each cage, urine was passed through a funnel, filtered by a urine and fecal separator, and

collected into 30-ml conical tubes. To minimize evaporation, 1 ml of

decahydronapthylene oil (Fisher Scientific) was added to each tube. At the end of the 24-

hr collection period the tubes were brought to the lab, the samples were weighed (the

scale was tared for the weight of the oil), the oil was removed, and the samples were

centrifuged. The samples were frozen at -20 °C and shipped to NASA Ames Research

Center for further analysis

Following the baseline period rats were exposed to either 14 days of centrifugation

at 2.0G (27.75 RPM 5 ft radius) or kept in a 1.0 G stationary control environment. On

day 1 of the test period each rat was given and intraperitoneal injection of doubly labeled
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waterO-18[0.6mg/kg],D20 [0.2mg/kg] (Isotech,Inc.,Miamisburg,OH). Daily data

collectioncontinuedthroughoutthe 14daytestperiod.

Dissection. A dissection was performed on each animal at day 14 of the test

period. The rats were anesthetized with a minimal dose of Halothane and killed by

decapitation. Trunk blood was collected from each animal, kept on ice, centrifuged, and

frozen for further analysis. While collecting the trunk blood, careful attention was paid to

prevent stomach acids from contaminating the samples.

Analyses. Plasma and urine electrolyte concentrations were measured by a Cobas

Mirar (Roche Helios, Somerville, N J). Plasma and urine osmolality were measured by

freezing point depression (Fiske Associates, Norwood, MA ).

Glomerular filtration rate (GFR) was calculated on day 14 by the following

formula:

GFR (ml/day)= (V x U[creatinine] ) / P[creatininel

Where V is urine flow rate and P and U are the urine and plasma concentrations of

creatinine.

The percent of the filtered load excreted (%FE) of electrolytes was calculated as:

%FE = 100(V x U[electrolyte ] ) / (P[electrolyte]x GFR)

Where V is urine flow rate, U and P are the urine and plasma concentrations of the

electrolyte and GFR is the rate of glomerular filtration.

Total Body Water. Body composition analysis was performed at the University

of California, Davis, Department of Nutrition. The analysis was performed on

decapitated and eviscerated carcasses. Carcasses were analyzed for body water, fat, and
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proteincontent. However,theprotocolwill refer only to the water analysis. Carcasses

were placed in aluminum pans and frozen solid. Both the carcass and the pan were

weighed before being placed in a freezer. The pan and frozen carcasses were placed in a

freeze dryer for one week, then weighed and placed back in the freeze dryer for and

additional 24-hours. This procedure was repeated until the weight had been secured

within 1% of the weight from the previous day. This weight was referred to as the freeze-

dried weight and was used to calculate total body water and % water. Total body water

(TBW) and % water were determined from the following equations.

Total Body Water (g) = carcass weight - (freeze dried weight - pan weight)

% Water = TBW/carcass weight

Statistics. All statistics were performed using the Statistica software program (Statsofl,

version 4.1, Tulsa, OK). Daily data were compared using a two-way ANOVA adjusted

for repeated measure and Newman-Keuls pot hoc tests. The data obtained from the

dissections were compared using a one-way ANOVA and Newman-Keuls post hoc tests.

Differences with a P_< 0.05 were considered significant.
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RESULTS

Comparison of mature and young animals: There were significant differences

between the age groups prior to centrifugation (Table 1). The mature animals had a greater

body mass and urine production rate with no difference between groups in water

consumption. When adjusted for the differences in body weight the intake of water and

production of urine of mature animals was significantly reduced. The rate of water

turnover was therefore reduced in mature animals.

Effect ofcentrifugation: In 1.0 G control animals there was a significant increase in

the body mass of both age groups over time (Fig. 1). In animals exposed centrifugation at

2.0 G there was a pronounced reduction of body mass, with the difference from control

animals (11.6 % for mature and 9.4 % for young) sustained through out the study. The

rate of change in body mass was similar in centrifuged and control animals after the

second day of centrifugation for young rats and after the third day in mature animals. The

initial decrease in body mass was associated with a reduction in absolute water intake

(Fig. 2), which returned to levels similar to control animals by day 3 of centrifugation in

young animals and by day 4 in mature rats. There were no significant changes in urine

output during this period resulting in a reduction in water balance (Fig. 2). Water balance

was stabilized within 3 days in the young animals and by 4 days of centrifugation in the

mature animals.

Hydration status, assessed on day 14, was altered due to centrifugation (Table 2).

Percent total body water was reduced in older animals and there was a significant increase
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inbothagegroupsdueto centrifugation.Otherindicesof hydrationstatussuchas

hematocrit,plasmaproteinconcentrationandplasmaosmolalitywerenot effectedby

centrifugation(Table2). However,osmoticclearanceratein matureanimalsduring

centrifugationwasreduced(Table3). Thiswasaccompaniedby acompensatoryincrease

in freewaterclearance,suchthattherewasnosignificantchangein urineoutput.

Creatinineexcretionratewaspersistentlyreducedin centrifugedanimals,but

whenadjustedfor thereductionin bodymassnodifferencewasnoted(Fig.3).Theremay

havebeenareductionin glomerularfiltration rate(GFR),asestimatedby thedecreasein

rateof excretionof creatinineduringcentrifugation.Whencalculatedonthelastdayof

centrifugationtheglomerularfiltration ratewasnotalteredin youngor matureanimals

(Table3). To adjustfor possibledifferencesin glomerularfiltration ratessubsequent

analysisof theexcretionof solutesareexpressedasfunctionof creatinineexcretion.

Osmoticexcretionrateswereepisodicallyalteredin centrifugedanimals,aswerethe

excretionratesof sodiumandpotassium(Fig. 3).At theonsetof centrifugation,in mature

animalsthechangesin sodium,andpotassiumexcretionrateswhencomparedto controls

of thesameagetendedto begreaterthanyoungeranimals.In bothyoungandmaturerats,

attheonsetof centrifugationtherewasareductionin therateof excretionof calcium

accompaniedby anincreasein theexcretionrateof phosphorus(Fig. 3). In bothgroups

therateof phosphorusexcretionwasreducedafter6 daysof centrifugation.Theexcretion

of calciumin younganimalsreturnedto controllevelsby day8 while theratewas

significantlyincreasedin olderanimals.
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Therewasnochangein thefilteredloadof solutesdeliveredto thekidney.Plasma

concentrationsof electrolyteswerenotsignificantlyalteredby centrifugation,though

significantageeffectswerenoted (Table4). CalculatedGFRwasnotalteredby

centrifugation(Table3), thereforethefilteredloads(plasmaconcentrationx GFR)were

notchanged.On day14thepercentof thefilteredloadexcretion,indicativeof the

reabsorptionby thekidney,wasnotchangedfor potassiumandsodiumin animalsthat

werecentrifuged.In centrifugedmatureratsthepercentageof thefilteredloadexcretedfor

calciumwasincreasedwith phosphorusbeingreduced.Younganimalsshowedonly a

significantreductionin phosphorus(Table3).
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Conclusions

With an increase in gravity load induced by centrifugation or upon return to Earth

following spaceflight, there is a period of adjustment in fluid balance in rats (3-5, 17, 18,

30). With centrifugation there is a reduced fluid intake with maintenance of the rate of

urine excretion (3-5, 16-18, 31). Following spaceflight there is an increase in urine output

and maintenance of fluid intake (30). The initial period of acclimation to hypergravity is

associated with a net loss of fluids. In the present study in response to centrifugation at

2.0 G this period of acclimation is present in mature rats for a longer period of time, about

24 hours. Following this initial response a period of over compensation has previously

been reported (3-5, 16-18). In the present study this was not observed. The net effect of

these alterations in water intake and output in response to centrifugation for 14 days was

slight increase in the percent total body water, with effective compensation seen in both

young and mature rats.

Older rats have been shown to have a reduced relative thirst and compensatory

renal function in response to hypohydration, hyperosmolality and pharmacological

stimuli ( 2, 6, 7, 9-12, 14, 23). Responsiveness to these stimuli are delayed and/or

attenuated in older animals. Similar findings were noted in the present study in the initial

response to centrifugation. The older animal had a delayed return of fluid intake to control

levels. The delay of one day did not appear to effect long-term fluid homeostasis, as there

was difference in the response of percent total body water at the end of 14 days of

centrifugation with both age groups having a slight but significant increase. This increase
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hasbeenattributedto the increasein leanbody massinducedby centrifugation(13,21,

22).

In previousstudiesof centrifugationan increasein urineoutputaroundthefourth

or fifth dayof centrifugationhasbeenreported(3-5, 16-18,31)This increasein urine

outputwastheresultof anincreasein both freewaterandosmoticclearances(5, 17).In

thepresentstudywe failed to observethis response.Urine outputwasnot significantly

alteredduringcentrifugationin eitheryoungor matureanimals.Theabsenceof this

responsemaybedueto differencesin therateof rotationamongthestudies.While the

previousstudieswereat asimilargravity level, 2.0G,asthepresentstudy,therotation

ratewasgreater.It is possiblethattheremaybea rotationalcomponentto theresponse

of fluid intakeandurineoutputto centrifugation.

Therewasasignificantreductionof creatinineexcretionrateduringcentrifugation

irrespectiveof age.Creatinineexcretionis ot_enusedasanindexof glomerularfiltration

rate.Whenadjustedfor thedecreasein bodymass,whichpersistedthroughout

centrifugation,therewasnodifferencebetweengroupsin therateof creatinineexcretion

suggestingGFRwasnot altered.Furtherwhenestimatedon thelastday,with correction

for filtrate(plasma)concentration,nodifferenceswerenoteddueto centrifugationin

eitheragegroup.It appearsthatGFRis not significantlyalteredby centrifugation.

In theabsenceof changesin therateof filtration,andinplasmaconcentrationsof

electrolytes,changesin excretionrateswouldbe theresultof alterationof renalhandling.

Thetransientreductionin excretionratesof sodiumandpotassiumduringcentrifugation,

irrespectiveof age,suggestconservationof theseelectrolytes,possiblyin responseto the

13



CharlesA. Fuller

periodof hypophasiaat theonsetof centrifugation(9, 14). In additionOrtiz etal (17)

reportedan increasein urinaryaldosteroneconcentrationsat theonsetof centrifugation,

associatedwith ageneralized"stress"response,whichwould facilitatedtheconservation

of sodium.Theincreasein aldosteronepersistedover thefirst fourdaysof centrifugation.

Thoughtherewereacutedecreasesin excretionof sodiumandpotassium,in responseto

centrifugationtherewerenosignificantchangesinplasmaconcentrationssuggesting

maintenanceof homeostasisof theseelectrolytes.

In contrast,while therewerenosignificantchangesin plasmalevelsof calciumor

phosphorus,thereweredynamicchangesin excretionof theseelectrolytesduring

centrifugation.Therewasaninverserelationshipin theexcretionratesof these

electrolytes.Exposureto hypergravityhasbeenshownto significantlyalterbonemineral

content,with a nochangeoran increasein densityreported(1, 20,32).However,this

increaseddensityis notassociatedwith an increasein bonecontentof phosphorousor

calcium.Thiswouldappearto beparadoxicalin light of the increasein excretionof

calciumandreabsorptionof phosphorousat theendof centrifugationin thepresent

study.Further,wholebody calciumandphosphorouscontentarefoundby to be

inconsistentlyalteredfollowing centrifugation(15,20,21).Keil et al (15) foundtotal

bodycontentof calciumto beincreasedin youngadultmicebutnot alteredin mature

animals.Further,the increasewasonly notedin malemice.In thepresentstudy

alterationsin excretionof calciumandphosphorusmayreflectchangesin absorption

acrossthegutwith no netchangein body content.In thepresentstudythereis an
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increasedexcretionof theseelectrolyteswith centrifugation,which doesnot alterplasma

concentration.The impactof thesechangesin total contentis not known.

Theabsenceof significantdifferencesin fluid andelectrolytehomeostasisof

youngandmatureratsin responseto centrifugationsuggestsageis notaconfounding

factorin theacclimationprocess.Thoughthereweredifferencein thetiming of

compensation,with adelayin olderanimals,adequatecompensationwasobservedas

percenttotalbodywaterwasalteredto a similarextent,andchangesin urineoutputand

waterintakeweresimilarbetweenagegroups.Therewerealterationsin theexcretionrates

of anumberof electrolytes,whichwereagedependent,suggestingcompensationfor

exposureto centrifugationandestablishmentof anewhomeostaticbalance.

Compensatorydifferencesbetweenagesshouldconsideredwhenstudyingsystemic

responsesto hypergravity,aswell asmicrogravity.
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APPENDIX A: TABLES

Table 1: The mean of three baseline days before exposure to 1G or 2G. The four groups

are Young (Y), Young Centrifuged (YC), Mature (M) and Mature Centrifuged (MC).

Group Body Mass

(g)

Water Intake

(ml/day)

Urine

Output

(ml/day)

Y 267 +3.9 31 + 1.0 9 + 0.3

YC 266 + 2.9 30 + 0.2 9 + 0.3

M 485 :a: 0.6 29 + 0.6 13 + 0.6

MC 485 + 1.1 31 4-0.8 13 + 0.6
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Table 2: Indices of hydration status in young (Y) and mature (M) rats who were controls

or exposed to centrifugation (YC, MC) at 2G for 14 days.

Grou_ Body Mass % Total

Body Water

Plasma

Protein

Plasma

Osmolality

Hematocrit

(mOsm/kg)

Y 301 +4.0 69 +0.2 5.9 + 0.07 286 + 3.1 44 + 0.8

YC 268 +4.0 70 -4-0.3 5.9 + 0.08 288 :k 1.3 45 + 0.7

M 495 + 1.6 66 + 0.5 6.2 + 0.05 293 ± 1.4 46 + 0.9

MC 439 + 2.0 68 + 0.3 5.9 + 0.08 292 + 1.5 46 + 0.8
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Table3: Renalfunctiononday14.

Group GFR

(1/day)

Urine
Output
(ml/day)

COSM

(ml/day)

CH20

(ml/day)

% FE

Calcium

% FE

PhosphoI

Y 2.9 + 0.11 9.8 + 1.56 83 + 4.1 -72 ± 3 0.5 ± 0.06 6.5 + 0.:

YC 3.1 ± 0.18 10.6 ± 1.37 85 ± 3.0 -75 -4-3 0.7 + 0.09 5.1 ± 0.i

M 4.3 ± 0.27 14.4 ± 0.60 102 ± 4.1 -88 ± 4 0.6 ± 0.07 7.1 + 0.!

MC 3.9 ± 0.21 12.8 ±1.09 89 ± 3.3 -76 ± 3 1.0 ± 0.08 3.9 ± 0.
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Table4: Plasmaconcentrationsof young(Y) or mature(M) ratswho werecontrolsor

exposedto centrifugationat2G (YC, MC). Thereweresignificant(p< 0.05)ageeffects

for creatinineandphosphorousconcentrations.

Creatinine

(mg/dl)

Sodium

(remoVE)

Y 0.46 + 0.18 141 ± 2.1

YC 0.43 ± 0.16 138 ± 0.6

Potassium

(mmol/L)

Calcium

(mg/dl)

Phosphorus

(mg/dl)

5.3 + 0.25 10.1 ± 0.38 9.0 ± 0.22

6.0 ± 0.32 9.9 ± 0.25 8.7 ± 0.38

M 0.50 ± 0.33 142 ± 0.7 5.5 ± 0.15 10.4 ±0.07 6.5 + 0.52

MC 0.51 ± 0.23 141 ± 0.6 5.6 ± 0.22 10.2 ±0.17 6.3 ± 0.33

19



Charles A. Fuller

.APPENDIX B: FIGURES
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Figure "(.

Comparison of water consumption, urine volume, and water balance between mature controls (open

circles), mature 2.0 G (closed circles), young controls (open squares), and young 2.0 G (closed squares).

Values are expressed as absolute group means + se, and corrected for body weights + se. * denotes

significant difference (p_<0.05) between young groups, ** between mature groups.
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